Nck links phosphotyrosine-based signaling to Arp2/3-dependent actin polymerization during many different cellular processes as well as actin-based motility of enteropathogenic Escherichia coli (EPEC) [1, 2] , vaccinia [3, 4] , and other vertebrate poxviruses [5] by interacting with N-WASP/WASP [6, 7] . Nck also binds WASP-interacting protein (WIP) [8] , which inhibits the ability of N-WASP to activate the Arp2/3 complex until it receives an appropriate signaling input [9, 10] . Using mouse embryonic fibroblasts (MEFs) lacking Nck, WIP, 11, 12] , we have investigated whether an interaction of Nck with both WIP and N-WASP is required for their recruitment to vaccinia during Arp2/3-dependent actin assembly. We find that WIP or its homolog WIRE is required for N-WASP recruitment and actinbased motility of the virus. WIP contains two Nck-binding sites and is recruited to the virus, bound to N-WASP, by interacting with the second SH3 domain of Nck. N-WASP also contains two Nck-binding sites, but its recruitment is dependent on its interaction with WIP rather than Nck. The first and third SH3 domains of Nck are not required to recruit the WIP:N-WASP complex but are essential to stimulate actin assembly. We have established that WIP acts as an essential link between Nck and N-WASP. Our observations provide important insights into the hierarchy and connections in one of the major cellular signaling networks stimulating Arp2/3 complex-dependent actin polymerization.
WIP or WIRE Is Essential for Actin-Based Motility of Vaccinia
Fusion of newly assembled vaccinia virus particles with the plasma membrane results in Src and Abl family kinase-mediated phosphorylation of tyrosine 112 and 132 of the viral membrane protein A36 ( Figure 1A ) [13] [14] [15] [16] . Phosphorylation of A36 leads to the recruitment of a signaling network consisting of Grb2, Nck, WIP, and N-WASP that stimulates Arp2/ 3 complex-dependent actin polymerization beneath extracellular viruses attached to the plasma membrane ( Figure 1A ) [3, 4, 13, [17] [18] [19] [20] . The induction of actin polymerization beneath the virus ultimately enhances the spread of infection by propelling the virus onto neighboring cells [21] [22] [23] [24] .
Nck and N-WASP are essential for vaccinia-induced actin polymerization [3, 4] . In contrast, recent observations suggest that WIP is not required for actin-based motility of vaccinia virus [25] . We also found that the Western Reserve (WR) or its A36-Y132F mutant, which is deficient in Grb2 recruitment [4, 18] , are able to induce actin tails in two independently derived mouse embryonic fibroblast (MEF) cell lines lacking WIP (Figures 1A-1C ; see also Figures S1A and S1B available online). Loss of WIP did, however, reduce the length of WRinduced, but not A36-Y132F-induced, actin tails (Figures 1C and S1B). We wondered whether the function of WIP is replaced by the WIP-related protein WIRE/WICH [26, 27] , which, in contrast to CR16, is expressed in both MEF cell lines lacking WIP ( Figure 1D ). Consistent with this notion, there is a dramatic increase in WIRE recruitment to the tips of WR-induced actin tails in the absence of WIP ( Figure 1E ). Knockdown of WIRE in wild-type MEFs expressing WIP had no impact on WR or A36-Y132F actin tail formation ( Figure S1C ). In contrast, we found that RNAi-mediated ablation of WIRE in WIP-deficient MEFs results in a dramatic reduction in the number of WRor A36-Y132F-infected cells with actin tails (Figures 1D, 1F , and S1D). In addition, where actin tails did form, their average number per cell was decreased by over 90% ( Figure S1E ). Our results are contrary to those of Garber et al. [25] , which were obtained using a single WIP 2/2 cell line. We believe the most likely explanation for this difference relates to the efficiency of WIRE knockdown, as in our experience vaccinia is very efficient at recruiting residual protein. This would also explain why we never achieve 100% inhibition of actin tail formation in infected WIP-deficient MEFs treated with WIRE RNAi ( Figures  1F, S1D , and S1E).
Expression of GFP-tagged human WIP or WIRE in MEFs lacking endogenous WIP and WIRE rescues the ability of both viruses to induce actin tails (Figures 1G, S1F, and S1G). Consistent with our earlier observations, the WR-induced actin tails rescued by GFP-WIRE were shorter than those formed by GFP-WIP ( Figure 1G ). In contrast, A36-Y132F actin tails were equally short ( Figure S1G ). The most straightforward explanation for this difference in actin tail length is that Grb2, which is downstream of phosphorylated tyrosine 132 of A36 ( Figure 1A ), can interact with WIP, but not WIRE. Consistent with this notion, fluorescence recovery after photobleaching (FRAP) analysis reveals that the exchange rate of GFP-WIRE on WRinduced actin tails is w2.2 times faster than that of WIP (Figures 1H and S1H). In contrast, the turnover of both proteins on the A36-Y132F virus is similar ( Figures 1H and S1H ). Pulldown assays from HeLa cell extracts confirmed that endogenous Grb2 readily copurifies with GFP-tagged WIP, but not WIRE ( Figure 1I ). Our observations demonstrate that WIP or WIRE is required for vaccinia actin-based motility, although the presence of Grb2 only stabilizes WIP to promote the formation of longer actin tails. Our data also suggest that the absence of a phenotype in WIP 2/2 cells during N-WASPdependent cellular processes should be treated with caution, as WIP and WIRE are clearly interchangeable in some circumstances. For example, the presence of WIRE may explain why N-WASP-dependent Mycobacterium marinum actin tail formation still occurs in WIP 2/2 MEFs [28] . (I) Immunoblot analysis shows that endogenous Grb2 coimmunoprecipitates with GFP-WIP, but not GFP-WIRE. The Grb2 input and immunoprecipitated GFP-tagged proteins are shown. All error bars in the graphs represent SEM from three independent experiments. ns, not significant; **p < 0.05; **p < 0.01; ***p < 0.001. Scale bars represent 2 mm. See also Figure S1 .
WIP Links Nck to N-WASP during Actin Tail Formation
Nck can interact with the polyproline-rich regions of both WIP and N-WASP [7, 8] . However, it remains to be established whether the interaction of Nck with both of these proteins is essential for their recruitment to the virus. To investigate the importance of the interaction of Nck with WIP, we set out to define the Nck-binding sites in WIP. By probing a peptide array of WIP with His-Nck1, we identified two Nck-binding peptides containing PXXPXR class II SH3-binding motifs [29] ( Figures  2A and S2A ). The second of these motifs conforms to the consensus-binding site for the second SH3 domain of Nck [30] . It is also striking that both of the WIP peptides share a common PXXPXRXL motif.
In vitro binding assays demonstrate both peptides can interact with Nck and that alanine substitution of the prolines in the PXXPXR motif disrupts binding (Figure 2A ). Pull-down assays on HeLa cell extracts containing the GFP-tagged WIP mutants demonstrated that both sites are functional, as loss of Nck binding was only achieved when they were both mutated (WIPDNck) ( Figure 2B ). Disrupting the binding of (legend continued on next page) WIP to Nck did not impact its interaction with N-WASP. It did, however, result in the loss of Nck binding to N-WASP complexed to WIPDNck ( Figure 2B ). Nevertheless, GFP-WIPDNck is still recruited to WR but is not as effective as WIP in rescuing actin tail formation ( Figure 2C ). Those actin tails that did form were also significantly shorter ( Figure S2B) . Loss of the ability of WIP to bind Nck also resulted in a 1.65-fold increase in its rate of exchange (half-life of recovery = 0.55 6 0.05 s compared to 0.91 6 0.07 s) ( Figure S2C ). In the absence of Grb2, GFP-WIPDNck recruitment was considerably weaker, and the A36-Y132F virus induced very few short actin tails in WIP 2/2 MEFs treated with siRNA against WIRE ( Figures 2C  and S2B ).
These observations with the A36-Y132F virus suggest that WIP plays an important role in connecting Nck to N-WASP. To test this hypothesis, we investigated the consequences of disrupting the interaction between WIP and N-WASP on the ability of vaccinia to induce actin tails. We found that GFP-WIP-FFAA, which cannot bind the WH1 domain of N-WASP ( Figure S2D ) [19, 31] , is poorly recruited to WR, has a faster rate of exchange (half-life of recovery = 0.27 6 0.04 s), and induces even lower numbers of short actin tails than WIPDNck ( Figures 2C and S2E) . Moreover, when the FFAA mutation was combined with DNck, WIP was largely incapable of rescuing WR-induced actin tails, consistent with its lack of recruitment on the majority of virus particles ( Figure 2C ). In agreement with a role for WIP in linking Nck to N-WASP, we found that N-WASP was also weakly recruited to very few virus particles in cells lacking WIP and WIRE but expressing GFPWIPDNck+FFAA ( Figure S2F ). The residual recruitment of N-WASP and formation of small numbers of actin tails is likely due to incomplete knockdown of WIRE ( Figure 1D) .
To investigate the contribution of Grb2 in the system, we examined whether the A36-Y132F virus can induce actin tails in WIP 2/2 cells lacking WIRE (RNAi treated) and expressing GFP-WIP-FFAA. Consistent with the role of Grb2 in stabilizing the vaccinia-signaling complex [4] , we found that GFP-WIP-FFAA and endogenous N-WASP were not recruited to the A36-Y132F virus and no actin tails were formed ( Figures 2C  and S2G ). Our observations demonstrate that, in the absence of Grb2, the simultaneous interaction of WIP with both Nck and N-WASP is critical for vaccinia to induce actin polymerization.
How Important Is the Interaction of Nck with N-WASP?
Using a far western approach followed by in vitro peptidebinding assays, we identified two Nck-binding peptides with PXXPXR class II SH3-binding motifs in N-WASP ( Figures 3A  and S3A ). Alanine substitution of both prolines in the PXXPXR motifs weakened but did not fully abrogate Nck binding, presumably due to the presence of additional PXXP motifs in the peptides ( Figure 3A) . Pull-down assays on HeLa cell lysates reveal that Nck still associates with the N-WASP mutants, albeit more weakly than with the wild-type protein (Figure 3B ). This residual Nck binding is likely to be largely mediated by WIP, as it still binds N-WASPDNck ( Figure 3B ). Consistent with this, Nck binding to N-WASPDNck is severely reduced in the absence of WIP and WIRE ( Figure 3C ). GFP-NWASPDNck is still recruited to WR and weakly to the A36-Y132F virus (no Grb2) in N-WASP 2/2 MEFs ( Figure 3D ). In contrast to the situation with WIP, the loss of Nck binding to N-WASP did not impact the ability of either virus to induce actin polymerization (Figures 3D and 3E) . The actin tails induced by both viruses were, however, reduced in length (Figure 3E) . There was also a small but significant increase in the rate of N-WASP exchange on WR in the absence of Nck binding ( Figure 3F ). An interaction with Nck clearly helps stabilize N-WASP, but it does not appear to be essential for its recruitment to the virus or actin tail formation even in the absence of Grb2.
Given this unexpected result, we examined whether N-WASP lacking its proline-rich region would rescue WR actin tail formation in N-WASP 2/2 MEFs. We found that GFP-NWASPDpolyPro is not recruited to WR, nor is it able to rescue actin tail formation in N-WASP 2/2 MEFs ( Figure 3G ). Endogenous WIP is also not recruited to virus particles in N-WASP
2/2
MEFs expressing GFP-N-WASPDpolyPro ( Figure 3H ). The most straightforward explanation for the difference between N-WASPDpolyPro and N-WASPDNck is that an additional unknown protein binds the latter to contribute to N-WASP recruitment. We do not believe this unknown component is Grb2, as N-WASPDNck is still recruited to the A36-Y132F virus and also has the same exchange rate as N-WASP in the absence of Grb2 ( Figure 3F ).
The Second SH3 Domain of Nck Is Essential to Recruit WIP Our previous observations have shown that Nck, but not WIP, is still recruited to WR in N-WASP 2/2 MEFs [4] . Similarly, we found that Nck is still recruited to WR and A36-Y132F in the absence of WIP and WIRE ( Figure S4A ). This demonstrates that Nck is recruited independently from the WIP:N-WASP complex. Given that Nck is upstream of WIP:N-WASP, we performed in vitro peptide pull-down assays to investigate whether the three different Nck SH3 domains have a preference for the two different Nck-binding sites in WIP and N-WASP ( Figures 4A and 4B) . Consistent with the presence of a common PXXPXRXL motif, we found that mutation of the second SH3 domain eliminated Nck binding to both WIP peptides ( Figure 4B ). In contrast, the N-WASP peptides showed the greatest preference for the third SH3 domain of Nck ( Figure 4B ). To investigate whether these pull-down assays reflect the situation in cells, we examined the ability of WR and the A36-Y132F virus to induce actin tails in Nck1/2 2/2 cells expressing GFP-tagged Nck SH3 mutants. Mutation of individual SH3 domains had no impact on the ability of WR to induce actin tails ( Figures 4C and 4D ). In contrast, in the absence of Grb2 recruitment, the A36-Y132F virus was unable to induce actin tails in Nck1/2 2/2 cells expressing the NckD2 mutant ( Figures 4C and 4D) . A similarly dramatic loss of WR-induced actin tails is only observed when any pair of SH3 domains is disrupted ( Figure 4D expressing N-WASPDNck, confirms that an interaction of the second Nck SH3 domain with WIP is required to recruit a complex of WIP:N-WASP to the virus. Consistent with this, pulldowns demonstrate that NckD2 is deficient in its ability to interact with N-WASP ( Figure 4E ). Our conclusion is consistent with recent observations showing that WIP is required to recruit N-WASP to Nck SH3 aggregates [32] . The same study also suggested that WIP not only links Nck to N-WASP but also allows the latter to bind and be activated by a second Nck molecule [32] . This suggestion was based on the observation that the second Nck SH3 domain alone, while sufficient to recruit N-WASP, presumably via WIP, was unable to induce actin polymerization unless all three Nck SH3 domains were present [32] . Our observations, however, suggest that the reason the second Nck SH3 domain alone cannot induce robust actin polymerization is because it recruits but does not activate the WIP:N-WASP complex. In agreement with this notion, we found that endogenous N-WASP is recruited to the virus even in the absence of Grb2 (A36-Y132F virus) in Nck1/2 2/2 cells expressing GFP-NckD1+3, despite the absence of actin tail formation ( Figures 4D and 4F ). We suggest that the second Nck SH3 domain interacts with WIP to recruit the WIP:N-WASP complex, and the subsequent binding of the first, or more likely the third, SH3 domain to N-WASP is required to activate the Arp2/3 complex ( Figure 4G ). Such a model explains why mutation of the second Nck SH3 domain leads to a loss of A36-Y132F actin tails and why WR is unable to induce actin polymerization when any pair of Nck SH3 domains is mutated, even though Grb2 is present. The interaction of Nck with WIP is clearly essential for recruitment of the WIP/N-WASP complex. However, our observations also demonstrate that, in the absence of Grb2, an interaction between N-WASP and WIP is critical for complex recruitment and actin tail formation (Figures 2C and S2G ). Given this, it is striking that the majority of mutations resulting in Wiskott-Aldrich syndrome are located in the WIP-binding WH1 domain of WASP [33] . In summary, our analysis, which has important implications for a variety of Nck:N-WASP/WASP-dependent cellular processes, has established that WIP is essential to link Nck-dependent signaling to the Arp2/3 complex via N-WASP. The task ahead is now to understand the molecular events involved in activating the WIP:N-WASP complex once it has been recruited to the virus by Nck.
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